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X-ray Crystal Structures and Photophysical Properties of New Conjugated 

Oligoquinolines. 

Ashok S. Shetty/ Elizabeth B. Liu,+ Rene J. Lachicotte,8 and Samson A. Jenekhe*t§ 

Departments of Chemical Engineering and Chemistry and Center for Photoinduced 

Charge Transfer, University of Rochester, Rochester, New York 14627-0166. 

Abstract 

The synthesis, characterization, X-ray crystal structures, and photophysical properties of 

two conjugated oligoquinolines, 2,2'-bis(4-phenylquinoline)-l,4-phenylene (2a) and 2,2'- 

bis(4-phenylquinoline)-4,4'-biphenylene (2b), are reported. Both 2a and 2b crystallized 

in a monoclinic lattice with different unit cell parameters and space groups. The X-ray 

crystal structures reveal that 2a exhibits intermolecular face-to-face it-it stacking whereas 

2b manifests edge-to-face it-it stacking. The dilute solution and solid state optical 

absorption and emission spectra of 2b were red-shifted from those of 2a because of the 

greater degrees of rc-electron delocalization and intramolecular charge transfer in 2b 

compared to 2a. The strongly Stokes shifted solid state emission bands of both oligomers 

from their absorption bands are attributed to excimer formation. These conjugated 

oligoquinolines with known X-ray crystal structures are excellent model systems for 

elucidating the structure and properties of polyquinolines and may also find device 

applications as n-type semiconductors. 

* Department of Chemical Engineering and Center for Photoinduced Charge Transfer. 
1 Department of Chemistry. 



X-ray Crystal Structures and Photophysical Properties of New Conjugated 

Oligoquinolines. 

Ashok S. Shetty,+ Elizabeth B. Liu,f Rene J. Lachicotte,5 and Samson A. Jenekhe*'15 

Departments of Chemical Engineering and Chemistry and Center for Photoinduced 

Charge Transfer, University of Rochester, Rochester, New York 14627-0166. 

The synthesis, electronic structure, and optical, nonlinear optical and charge 

transport properties of numerous conjugated oligomers la of polyenes,lb acenes,lb 

thiophene,'c pyrrole,10 p-phenylene,lb and p-phenylene vinylene Ia' 2 have been 

extensively investigated both as p-type (hole transport) organic semiconductors per se 

and as structurally well-defined model systems for the corresponding conjugated 

polymers. a Few, if any, oligomers of n-type (electron transport) conjugated polymers 

such as the polyquinolines are known.3"9 We report herein the synthesis, single crystal X- 

ray structures, and the photophysical properties of two new conjugated oligoquinolines. 

The oligomers are promising model systems for elucidating the structure-property 

relationships of conjugated polyquinolines and may also be useful as n-type 

semiconductors for device applications. 

n-Type conjugated polymers by virtue of their electron transport, high electron 

affinity and interesting photophysical properties are of growing interest in electronic and 

optoelectronic devices. Polyquinolines, in particular, with the general structure 1 are high 

temperature conjugated polymers and possess interesting mechanical,3 photoresponsive 

and  photoconductive,4  electron  transport, 5' 6' 7  third-order  nonlinear  optical,8,   and 

' Department of Chemical Engineering and Center for Photoinduced Charge Transfer. 
s Department of Chemistry. 



electroluminescent, 6'7 properties. They have thus been attracting considerable attention 

for their potential use in thin film electronic and optoelectronic devices.6J 

Although, over several dozen polyquinolines have been reported in the last two 

decades, only one preliminary report has discussed the crystal structure of a rigid-rod 

polyquinoline, poly[2,2'-(p,p'-biphenylene)-6,6-bis(4-phenylquinoline)] (lb, PBPQ).9 

The study concluded that X-ray diffraction pattern of fibers spun from anisotropic 

solutions of this polymer showed that parallel chains along the direction of the fiber axis 

stack in nearly coplanar sheets with the two pendant phenyl groups on the 4-position of 

the quinoline units pointing toward one another.9 The close packing of the polymer 

chains was invoked to explain the poor solubility in organic solvents and the 

photophysical properties4"8 of the polyquinolines. However, a more rigorous study of the 

crystal structure of the conjugated polyquinolines by using monodisperse oligomers as 

model systems has not been conducted. 

We synthesized, characterized, obtained single crystal X-ray structures, and 

investigated the photophysical properties of 2,2'-bis(4-phenylquinoline)-l,4-phenylene 

(2a) and 2,2'-bis(4-phenylquinoline)-4,4'-biphenylene (2b) (Scheme 1). Oligoquinolines 

2a and 2b were synthesized by the Friedlander coupling I0 of two equivalents of 2-amino 

benzophenone with one equivalent of 1,4-diacetylbenzene or 4,4'-diacetylbiphenylene, 

respectively.11 

Single crystals of the oligomers suitable for X-ray structural determination were 

obtained from concentrated chloroform solutions (30 mg/mL). Whereas 2a crystallized 

as clusters of needles, 2b crystallized as clusters of overlapping irregularly shaped blocks. 

Laue symmetry revealed a monoclinic crystal system for both 2a and 2b.  The unit cell 



parameters of a = 13.9932(8) A, b = 4.0104(2) A, c = 21.6130(13) A, and ß = 

96.0320(10) for 2a, and of a = 11.4460(2) A, b = 8.3789(2) Ä, c = 15.8601(3) Ä, and ß = 

105.9710(10) for 2b, were based upon the least-squares refinement of three dimensional 

centroids of > 3000 reflections for each crystal. The space groups were assigned as Pile 

and Pljc, respectively for 2a and 2b, and the structures refined to final residuals of R, = 

3.95% for 2a, and R, = 4.52% for 2b. Further experimental details of the data collection 

and structure refinement can be found in the supporting information. 

The molecular structure and crystal packing of the two oligomers are shown in 

Figures 1 and 2, respectively. In the crystal of oligomer 2a, the molecule is located on a 

crystallographic center of symmetry at the midpoint of the central p-phenylene ring. The 

molecule in the crystal of oligomer 2b is located on a crystallographic center of symmetry 

at the midpoint of the central inter-ring bond. In both oligomers, the quinoline moieties 

are in a crystallographically imposed anft'-orientation with respect to each other. This 

result is very different from the structure of lb inferred from X-ray diffration patterns of 

fibers.9 The p-phenylene ring in 2a is twisted 26° from the mean plane of the quinoline 

moieties. Although the central phenylenes in oligomer 2b are coplanar, they are twisted 

13° relative to the mean plane of the quinoline moieties. The phenyl groups appended 

onto the quinoline moieties in both oligomers, are twisted ca. 49° relative to the quinoline 

moieties. 

The molecular packing of the oligomers, as shown in Figures 1C and 2C, are 

dramatically different. In the case of 2a (Figure 1C), the molecules pack in columns 

exhibiting mtexmo\ec\i\ax face-to-face % stacking (sandwich-type) separated by ca. 4 A.12 

The pendant phenyl groups pack in a way that precludes intercolumn rc-stacking. 



Oligomer 2b (Figure 2C), packs is a more complex fashion. It is dominated by an 

intermolecular edge-to-face stacking between the pendant phenyl and the biphenylene 

rings and between the pendant phenyl and the quinoline moieties at an intermolecular 

distance of ca. 3.6A. Careful examination of the crystal structure reveals that the pendant 

phenyl groups are engaged in 7C-stacking interactions with both the biphenylene and the 

quinoline moieties of 2b. 

Optical absorption and fluorescence spectra of 2a and 2b in solution (chloroform 

and formic acid) are shown in Figure 3. The absorption maxima of 2b, with a 

biphenylene linkage, is red shifted from that of 2a in both solvents (Figure 3). The 

absorption spectrum of 2a in chloroform (Figure 3A) shows peaks at 280 and 342 nm 

whereas that of 2b reveals peaks at 294 and 348 nm. In the case of 2a, the lower energy 

band is only 60% in intensity of the peak at 280 nm. In the case of 2b, however, the two 

absorption bands are nearly of comparable intensity. On changing the solvent to formic 

acid in which the quinoline moieties are protonated, the absorption spectra of these 

oligomers change significantly (Figure 3 B). For oligomer 2a, the absorption peak is red 

shifted by 20 nm as compared to that in chloroform (from 342 to 362 nm) whereas 2b 

exhibits a much larger red-shift of 32 nm in absorption X^ (from 348 to 380 nm). 

The emission spectra of the oligoquinolines show similar dependence on the size 

of the aromatic group that links the two quinoline moieties and the solvent environment. 

The emission spectrum of 2b in chloroform (Figure 3A) is red shifted from the emission 

maxima of 2a (370 nm) by 14 nm. A similar red shift of 14 nm was observed between 

the emission maxima of 2a (436 nm) and 2b (450 nm) in formic acid (Figure 3B). The 

emission maxima of both 2a and 2b, in formic acid, are red shifted by 66 nm compared to 



those in chloroform. In addition, as can be seen in Figures 3A and 3B the emission bands 

of both oligomers in formic acid are broader and less structured than those in chloroform. 

The luminescence quantum yields (4>) 13 of 2a were 7.4 and 41% in chloroform and 

formic acid, respectively, whereas 2b had a <D of 54% in both solvents. Thus the 

oligomers have higher luminescence quantum efficiencies in formic acid than in 

chloroform while in the same solvent systems 2b is much more efficient than 2a. 

The bathochromic shift of the optical absorption of 2b compared to 2a is due in 

part to the larger number of Tt-electrons and a greater degree of Tt-electron delocalization 

along the oligomer backbone. The greater degree of n -electron delocalization of 2b is in 

accord with the crystal structures of oligomer 2b. As discussed above, the central 

aromatic rings in oligomer 2b (Figure 2A) are mutually coplanar and are twisted 13° 

from the quinoline moities whereas the phenylene ring in 2a is twisted 26° (Figure 1A) 

from the quinoline moities, precluding an efficient re-electron delocalization. The 

observed photophysical properties also suggest the presence of intramolecular charge 

transfer (ICT) between the central phenylene rings as donor groups and the quinoline 

moieties as acceptors.14 The ICT is greater in 2b than in 2a because biphenylene moiety is 

a stronger Tt-electron donor than the single phenylene group in 2a. In formic acid, 

protonation of the quinoline moieties makes them stronger acceptors and thereby 

enhancing ICT which accounts for the large spectral red shifts compared to chloroform. 

These oligomer results confirm that the previously reported effects of protonation on 

electronic delocalization of the conjugated polyquinolines are intrinsic to their molecular 

structures (repeat units).5 



Optical absorption and fluorescence spectra of thin films of 2a and 2b, spin casted 

onto fused silica substrates from chloroform solutions, were also measured.    The 

absorption spectrum of 2a shows peaks at 284 and 346 nm whereas that of 2b reveals 

peaks at 296 and 352 nm (Figure 4). The solid state absorption spectra of 2a and 2b are 

thus very similar to the dilute chloroform solution results, suggesting that aggregation of 

oligomer molecule does not significantly modify the electronic ground state of the 

materials. Freshly cast films of both oligomers had a broad emission maxima at 420 nm. 

After 24 hours in ambient conditions 2a film exhibited an emission maxima at 470 nm 

whereas 2b film still showed one emission peak at 420 nm with a shoulder at ca. 470 nm. 

However on annealing the films at 70°C in a vacuum oven for 24 hours 2b film exhibited 

an emission maxima at 515 nm, whereas the emission maxima of the 2a film remained 

unchanged at 470 nm (Figure 4).  Because the thin film annealing process for 2b takes 

longer compared to that of 2a, it may be implied that the packing mode of 2b in the solid 

state is more complicated than that of 2a as confirmed by the single crystal X-ray 

structures of these oligomers.   Annealed films of 2a and 2b had estimated fluorescence 

quantum yields 13 of 20% and 43%, respectively, which are consistent with the results in 

solution.    The 2a and 2b emission bands at 470 and 515 nm, respectively, are 

significantly red shifted (100-131nm) from their corresponding emission spectra in dilute 

chloroform solution.   The strong K-K stacking interactions evident in the X-ray crystal 

structures of these oligomers clearly influence their excited state electronic structures. 

However, while excimer formation15 is the likely explanation of the solid state emission 

spectra additional studies are needed to confirm this. 



In summary, two new conjugated oligoquinolines, 2a and 2b, have been 

synthesized and their molecular and photophysical properties were characterized. The 

obtained single crystal X-ray structures of these oligomers provide the first detailed 

structural information on the numerous polyquinolines.3"9 Both 2a and 2b crystallized in 

a monoclinic lattice with different unit cell parameters and space groups. The X-ray 

crystal structures reveal that 2a exhibits intermolecular face-to-face K-K stacking whereas 

2b manifests edge-to-face K-TZ stacking. The dilute solution and solid state optical 

absorption and emission spectra of 2b were red-shifted from those of 2a because of the 

greater degrees of 7t-electron delocalization and intramolecular charge transfer in 2b 

compared to 2a. The strongly Stokes shifted solid state emission bands of both oligomers 

are attributed to excimer formation. These conjugated oligoquinolines with known X-ray 

crystal structures are excellent model systems for elucidating the structures and properties 

of polyquinolines and may also find device applications as n-type semiconductors. 
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Figure Captions 

Figure 1. (A) 30% ORTEP diagram of oligomer 2a with atom numbering scheme. 

Because the molecule has an inversion center at the midpoint of the central phenylene 

ring, the symmetry related atoms are not labeled. (B) The organization of the molecules 

in a single unit cell and (C) the packing of the molecule along the b-axis is shown with 

intermolecular distance of 4 A. 

Figure 2. (A) 30% ORTEP diagram of oligomer 2b with atom numbering scheme. 

Because the molecule has an inversion center at the midpoint of the central C-C bond, the 

symmetry related atoms are not labeled. (B) The organization of the molecules in a single 

o 

unit cell and (C) the packing of the molecule with intermolecular distance of 3.6 A. Note 

the edge-to-face 7t-stacking between the pendant phenyl groups and the biphenylene 

moieties in C. 

Figure 3. Optical absorption and fluorescence spectra of oligomers 2a (dashed lines) and 

2b (solid lines) in (A) chloroform (2 x 10"5 M) and (B) formic acid (2 x 10"5 M). 

Figure 4. Absorption and emission spectra of spin coated thin films of oligomers 2a 

(dashed lines) and 2b (solid lines) on fused silica substrates after annealing at 70°C. 
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Preparation of 2,2'-bis(4-phenylquinoline)-l,4-phenylene (2a). A mixture of 2- 

aminobenzophenone (3g, 18.5 mmol), 1,4-diacetylbenzene (1.0 g, 6.16 mmol) and 

diphenylphosphate (10g, 40 mmol) in m-cresol (30 mL) was refluxed at 150°C under 

nitrogen atmosphere for 8h. After cooling to R.T., the product was precipitated out by 

pouring the reaction mixture into methanol (500 mL). The crude product was 

recrystallized from a methanohethylacetate (9:1) mixture to yield colorless needles (2.93 

g, 98% yield). M.Pt. 251-252°C, Mass Spec. (El) 484 (calc. for C36H24N2), 484 (found), 

Rf (hexane:THF, 9:1) 0.4, *H NMR (300 MHz, CDC13): 8 8.52 (s, 4H), 8 8.31 (d, 2H), 8 

7.97 (d, 2H), 8 7.94 (s, 2H), 8 7.78 (s, 2H), 8 7.6 (m, 12H). 13C NMR (400 MHz, CDC13): 

8 156.22, 149.3, 148.8, 104.3, 138.4, 130.2, 129.6, 128.6, 128.5, 128.1, 128.0, 126.5, 

125.9,125.7, 119.4,119.3. 

Preparation of 2,2'-bis(4-phenylquinoline)-4,4'-biphenylene (2b). A mixture of 2- 

aminobenzophenone (1.24 g, 6.28 mmol), 1,4-diacetylbiphenyl (0.5 g, 2.1 mmol) and 

diphenylphosphate (1 g, 4 mmol) in m-cresol (1.8 mL) was refluxed at 150°C under 

nitrogen atmosphere for 8h. After cooling to R.T., the product was precipitated out by 

pouring the reaction mixture into methanol (500 mL). The crude product was 

recrystallized from a methanohethylacetate (9:1) mixture to yield colorless needles (1.1 g, 

94 % yield). M.Pt. 252-253°C, Mass Spec. (El) 560 (calc. for C42H28N2), 560 (found), Rf 

(hexane:THF, 6:1) 0.49, *H NMR (300 MHz, CDC13): 8 8.36 (d, 4H), 8 8.31 (d, 2H), 8 

7.95 (d, 2H), 8 7.90 (s, 2H), 8 7.85 (d, 4H), 8 7.78 (t, 2H), 8 7.55 (m, 12H) 8 7.50 (t, 2H). 
13C NMR (400MHz, CDC13): 156.3, 149.2, 148.9, 141.4, 138.8, 138.4, 130.2, 129.6, 

128.6, 128.4, 128.0, 127.5, 126.4, 125.8, 125.7, 119.3, 119.2 



Figure S1 

2a 

1HNMRinCDCI3 

H, 

Hr 

I  ■ -  ■  ■ I  '  ■   '  ■  I  ■   '  '   '  I 

HC,HF 

8     8.5        8.4 8.3 8.2 8.1 8.0 7.9        7.8 7.7 7.6 7.5 



H, 
2b 

1HNMRinCDCI3 

Figure S2 

Hr HF,HH 

t—"—\ 

HG / 

CHCU 

I ' ' l ■ ■ i | I ' I | ■ . 1 1 1 . . 1 . T , 1 , 1 , 1 , , , 1 , , , 1 , 

8 8.6 8.4 8.2 8.0 7.8 7.6 7.4 7.2 7.0 



Experimental Details of the X-ray Crystallography. 

Crystals of 2a and 2b were each cut and mounted under Paratone-8277 on glass 

fibers, and immediately placed on the X-ray diffractometer in a cold nitrogen stream 

supplied by a Siemens LT-2A low temperature device. The X-ray intensity data were 

collected on a standard Siemens SMART CCD Area Detector System equipped with a 

normal focus molybdenum-target X-ray tube operated at 2.0 kW (50 kV, 40 mA). A total 

of 1321 frames of data (1.3 hemispheres) were collected using a narrow frame method 

with scan widths of 0.3° in 0), and exposure times of 30 sec/frame using a crystal-to- 

detector distance of 5.094 cm. (maximum 20 angle of 56.52°). The total data collection 

time was approximately 12 hours for each crystal.   Frames were integrated with the 

Siemens SAINT program to yield: for 2a, a total of 4342 reflections, of which 1543 were 

independent (Rint = 2.82 %, Rsig = 2.72 %)2 and 1404 were above 2a(I); for 2b, a total of 

8282 reflections, of which 3333 were independent (Rint = 1.90 %, Rsig = 2.64 %) and 

2605 were above 2cr(I). The unit cell parameters, provided in Table 1, were based upon 

the least-squares refinement of three dimensional centroids of 3162 reflections for 2a and 

4688 reflections for 2b. The space group assignments were made on the basis of 

systematic absences and intensity statistics by using the XPREP program (Siemens, 

SHELXTL 5.04).   The structures were solved by using direct methods and refined by 

full-matrix least-squares on F . All non-hydrogen atoms were refined with anisotropic 

thermal parameters, and all of the hydrogens were included in idealized positions.  The 

structures refined to: for 2a, a goodness of fit (GOF) of 1.198 and final residuals (I > 

20(1)) of Rj = 3.95 %, and wR2 = 8.88 %; for 2b, a goodness of fit (GOF) of 1.085 and 

final residuals (I > 2o(I)) of R, = 4.52 %, and wR2 = 11.50 %. 

1 Ri„t - 5j FO -F0
2(mean)l/X[F0

2]; Rsigma = X[<7(r£)]/X[F0
2] 

" Although data were collected to a maximum 20 angle of 56.50° for 2a, there were 

essentially no observed data > 45° and therefore these data were omitted. 



GOF = [^[w(F0 -Fc) ]/(«-/?)]    , where n and p denote the number of data and 

parameters 

4 Ri = ( X II F0 I -1 Fc II) / Z I F0 I, wR2 = [ 2[w(F?-F?)2] / S[w(F?)2] ]1# where w = 

l/[a2(F^) + (a-P)2 + b-P] and P = [f-(Maximum of 0 or F§) + (l-f>F§] 



Table 1. Crystal and Structure Refinement Data for 2a and 2b 

Crystal Parameters 2a  2b 

chemical formula 

formula weight 

crystal system 

space group (No.) 

Z 

a,Aa 

b,A 

c, Ä 

ß,deg 

Volume, Aß 

Peak, Kg/m3 

crystal dimens, mm 

temperature, °C 

C36H24N2 

484.57 

Monoclinic 

P2/c (#13) 

2 

13.9932(8) 

4.0104(2) 

21.6130(13) 

96.0320(10) 

1206.17(12) 

1.334 

0.05x0.06x0.18 

-100 

Measurement of Intensity Data and Structure Refinement 

diffractometer Siemens SMART 

radiation, X, A Mo, 0.71073 

20 range for data collection (deg)^7    3-56 

limiting indices 

total reflections 

independent reflections 

no. of observed data 

no. of parameters varied 

-18 < h < 18 

-5 < k < 5 

-14 < 1 < 28 

4342(to 45°)c 

1543 [R(int) = 0.0282] 

1404 (I > 2G(I)) 

173 

C42H28N2 

562.68 

Monoclinic 

P2Jc (#14) 

2 

11.4460(2) 

8.3789(2) 

15.8601(3) 

105.9710(10) 

1462.35(5) 

1.278 

0.30 x 0.34 x 0.38 

-80 

Siemens SMART 

Mo, 0.71073 

4-56 

-15 < h < 14 

-10 <k<6 

-20 < 1 < 19 

8282 

3333 [R(int) = 0.0190] 

2605 (I > 2a(I)) 

200 



(X, mm" * 0.078 

absorption correction NA 

range of trans, factors 

Rl(F0), WR2(F3) %, (I>2G(I))^ 3.95, 8.88 

Rl(F0), wR2(Fo) %, all data 4.59,9.28 

goodness-of-fit on F^ 1.198 

0.074 

Empirical (SADABS) 

0.850-0.714 

4.52,11.50 

6.11,12.33 

1.085 

a It has been noted that the integration program SAINT produces cell constant errors that 

are unreasonably small, since systematic error is not included. More reasonable errors 

might be estimated at lOx the listed values. b The SMART CCD crystal-to-detector 

distance is set to 5.094 cm which equates to a maximum 20 angle of 56.52°. "Although 

data are routinely collected to 56°, these crystals were weak diffracters and therefore data 

greater than 45° were omitted from the refinement. d Ri = (£ II F0 I -1 Fc II) / X I FQ I, 

wR2 = [ £[W(F3-F2)2] / £[w(Fg)2] ]l/2 where w = l/[G2(Fg) + (a-P)2 + b-P] and P = 

[f-(Maximum of 0 or F£) + (l-f)-F?] 



Table 1. Crystal data and structure refinement for 2a 

Identification code 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume, Z 
Density (calculated) 
Absorption coefficient 
F(000) 
Crystal size 
Theta range for data collection 
Limiting indices 
Theta range for data refinement 
Reflections collected 
Independent reflections 
Absorption correction 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on FA2 
Final R indices [I>2sigma(I)J 
R indices (all data) 
Extinction coefficient 
Largest diff. peak and hole 

jenas2t 
C36 H24 N2 
484.57 
173(2)K 
0.71073 Ä 
Monoclinic 
P2/c 
a = 13.9932(8) A  alpha = 90 deg. 
b = 4.0104(2) A   beta = 96.0320(10) deg. 
c = 21.6130(13) A  gamma = 90 deg. 
1206.17(12) AA3, 2 
1.334 Kg/mA3 
0.078 mmA-l 
508 
0.05x0.06x0.18 mm 
1.46 to 22.49 deg. 
-18<h<18,-5<k<5,-14<1<28 
1.46 to 22.49 deg. 
4342 
1543 [R(int) = 0.0282] 
None 
Full-matrix least-squares on FA2 
1543/0/173 
1.198 
Rl = 0.0395, wR2 = 0.0888 
Rl = 0.0459, wR2 = 0.0928 
0.013(2) 
0.135 and-0.147 e.AA-3 



Table 2. Atomic coordinates ( x 10M) and equivalent isotropic 
displacement parameters (AA2 x 10A3) for 2a.    U(eq) is defined 
as one third of the trace of the orthogonalized Uij tensor. 

U(eq) 

N(l) 

C(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(10) 
C(ll) 
C(12) 
C(13) 
C(14) 
C(15) 
C(16) 
C(17) 
C(18) 

7367(1 
8130(1 
8909(1 
9685(1 
9715(1 
8974(1 
8158(1 
7346(1 
6588(1 
6613(1 
5786(1 
4850(1 
4078(1 
7299(1 
8034(1 
7957(1 
7154(1 
6421(1 
6490(1 

3722(4) 
5226(4) 
6218(5) 
7791(5) 
8458(5) 
7543(5) 
5877(4) 
4881(4) 
3476(4) 
2923(4) 
1389(4) 
1735(4) 
374(5) 

5281(5) 
4150(5) 
4378(5) 
5784(5) 
6938(5) 
6671(5) 

5464(1 )           26(1) 
5804(1 )           24(1) 
5483(1 )           29(1) 
5784(1 )           32(1) 
6424(1 )           31(1) 
6746(1 )           28(1) 
6452(1 )           24(1) 
6755(1, )           23(1) 
6398(i; )           25(1) 
5753(i; )           24(1) 
5373(i; )           23(1) 
5530(1; )           25(1) 
5165(i; )           25(1) 
7437(1: 25(1) 
7869(1] 29(1) 
8499(1] 33(1) 
8713(1] 34(1) 
8290(1] 34(1) 
7658(1] 30(1) 

10 



Table 3.   Bond lengths [A] and angles [deg] for 2a. 

N(l)-C(9) 1.321(2) 
N(l)-C(l) 1.370(2) 
C(l)-C(2) 1.409(2) 
C(l)-C(6) 1.422(2) 
C(2)-C(3) 1.361(3) 
C(3)-C(4) 1.404(3) 
C(4)-C(5) 1.359(2) 
C(5)-C(6) 1.415(2) 
C(6)-C(7) 1.427(2) 
C(7)-C(8) 1.366(2) 
C(7)-C(13) 1.491(2) 
C(8)-C(9) 1.415(2) 
C(9)-C(10) 1.481(2) 
C(10)-C(12)#l 1.391(2) 
C(10)-C(ll) 1.393(2) 
C(ll)-C(12) 1.381(2) 
C(12)-C(10)#l 1.391(2) 
C(13)-C(14) 1.390(2) 
C(13)-C(18) 1.391(2) 
C(14)-C(15) 1.381(3) 
C(15)-C(16) 1.378(3) 
C(16)-C(17) 1.381(3) 
C(17)-C(18) 1.383(2) 

C(9)-N(l)-C(l) 118.0(2) 
N(l)-C(l)-C(2) 117.4(2) 
N(l)-C(l)-C(6) 123.2(2) 
C(2)-C(l)-C(6) 119.4(2) 
C(3)-C(2)-C(l) 121.0(2) 
C(2)-C(3)-C(4) 119.9(2) 
C(5)-C(4)-C(3) 120.5(2) 
C(4)-C(5)-C(6) 121.4(2) 
C(5)-C(6)-C(l) 117.8(2) 
C(5)-C(6)-C(7) 124.7(2) 
C(l)-C(6)-C(7) 117.4(2) 
C(8)-C(7)-C(6) 117.7(2) 
C(8)-C(7)-C(13) 119.4(2) 
C(6)-C(7)-C(13) 122.9(2) 
C(7)-C(8)-C(9) 121.5(2) 
N(l)-C(9)-C(8) 122.1(2) 
N(l)-C(9)-C(10) 117.0(2) 
C(8)-C(9)-C(10) 120.8(2) 
C(12)#l-C(10)-C(ll) 117.9(2) 

11 



C(12)#l-C(10)-C(9) 120.5(2) 
C(ll)-C(10)-C(9) 121.6(2) 
C(12)-C(ll)-C(10) 121.4(2) 
C(ll)-C(12)-C(10)#l 120.7(2) 
C(14)-C(13)-C(18) 118.1(2) 
C(14)-C(13)-C(7) 121.6(2) 
C(18)-C(13)-C(7) 120.3(2) 
C(15)-C(14)-C(13) 120.8(2) 
C(16)-C(15)-C(14) 120.5(2) 
C(15)-C(16)-C(17) 119.4(2) 
C(16)-C(17)-C(18) 120.2(2) 
C(17)-C(18)-C(13) 121.0(2) 

Symmetry transformations used to generate equivalent atoms: 
#1 -x+l,-y,-z+l 

12 



Table 4.   Anisotropie displacement parameters (AA2 x 10A3) for 2a. 
The anisotropic displacement factor exponent takes the form: 
-2 piA2 [ hA2 a*A2 Ul 1 + ... + 2 h k a* b* U12 ] 

Uli U22 U33 U23 U13 U12 

N(l) 25(1) 29(1) 22(1) 1(1) 2(1) 2(1) 
C(l) 24(1) 24(1) 23(1) 1(1) 1(1) 4(1) 
C(2) 29(1) 36(1) 23(1) KD 4(1) 2(1) 
C(3) 26(1) 37(1) 34(1) 4(1) 9(1) 0(1) 
C(4) 26(1) 34(1) 33(1) -2(1) 1(1) -4(1) 
C(5) 27(1) 30(1) 27(1) -4(1) 1(1) 1(1) 
C(6) 25(1) 21(1) 24(1) 1(1) 0(1) 6(1) 
C(7) 26(1) 20(1) 24(1) 1(1) 2(1) 4(1) 
C(8) 26(1) 27(1) 24(1) 3(1) 5(1) 1(1) 
C(9) 28(1) 22(1) 21(1) 3(1) 2(1) 5(1) 
C(10) 27(1) 23(1) 20(1) 5(1) KD KD 
C(ll) 33(1) 24(1) 18(1) 0(1) 3(1) 1(1) 
C(12) 25(1) 28(1) 23(1) 2(1) 4(1) 2(1) 
C(13) 28(1) 25(1) 21(1) -1(1) 2(1) -3(1) 
C(14) 31(1) 31(1) 26(1) -3(1) 3(1) 1(1) 
C(15) 40(1) 36(1) 23(1) 0(1) -1(1) -3(1) 
C(16) 44(1) 36(1) 23(1) -3(1) 7(1) -7(1) 
C(17) 37(1) 36(1) 29(1) -3(1) 12(1) -KD 
C(18) 29(1) 33(1) 28(1) 0(1) 3(1) 0(1) 

13 



Table 5.   Hydrogen coordinates (x 10M) and isotropic 
displacement parameters (AA2 x 10A3) for 2a. 

X y z U(eq) 

H(2A) 8892(1) 5783(5) 5050(1 )           35 
H(3A) 10206(1) 8435(5) 5562(1 )           38 
H(4A) 10257(1) 9559(5) 6633(1] )           37 
H(5A) 9004(1) 8032(5) 7178(1] )           34 
H(8A) 6031(1) 2856(4) 6587(1] )           30 
H(11A) 4740(1) 2933(4) 5895(1] )           30 
H(12A) 3448(1) 644(5) 5283(1] 30 
H(14A) 8596(1) 3207(5) 7729(1] 35 
H(15A) 8461(1) 3560(5) 8788(1] 40 
H(16A) 7107(1) 5957(5) 9147(1] 41 
H(17A) 5867(1) 7918(5) 8433(1) 40 
H(18A) 5978(1) 7449(5) 7371(1) 36 

14 



Table 1. Crystal data and structure refinement for 2b. 

Identification code 

Empirical formula 

Formula weight 

Temperature 

Wavelength 

Crystal system 

Space group 

Unit cell dimensions 

Volume, Z 

Density (calculated) 

Absorption coefficient 

F(000) 

Crystal size 

Theta range for data collection 

Limiting indices 

Reflections collected 

Independent reflections 

Reflections >2sigl 

Absorption correction 

Max & Min Transmission 

Refinement method 

Data / restraints / parameters 

Goodness-of-fit on FA2 

Final R indices [I>2sigma(I)] 

R indices (all data) 

Extinction coefficient 

Largest diff. peak and hole 

sad/jenaslO 

C42 H28 N2 

562.68 

193(2)K 

0.71073 A 

Monoclinic 

P2(l)/c 

a = 11.4460(2) Ä alpha = 90 deg. 

b = 8.3789(2) A beta = 105.9710(10) deg. 

c = 15.8601(3) Ä gamma = 90 deg. 

1462.35(5) AA3, 2 

1.278 Kg/mA3 

0.074 mmA-l 

592 

0.30 x 0.34 x 0.38 mm 

1.85 to 28.27 deg. 

-15<h< 14, -10<k<6, -20<1< 19 

8282 

3333 [R(int) = 0.0190] 

2605 

SAD ABS 

0.850 0.714 

Full-matrix least-squares on FA2 

3333 / 0 / 200 

1.085 

Rl = 0.0452, wR2 = 0.1150 

Rl = 0.061 l,wR2 = 0.1233 

0.019(3) 

0.217 and-0.167 e.AA-3 
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Table 6. Atomic coordinates ( x 10M) and equivalent isotropic displacement 

parameters (AA2 x 10A3) for 2b. U(eq) is defined as one third of the trace of the 

orthogonalized Uij tensor. 

U(eq) 

N(l) 

C(l) 

C(2) 

C(3) 

C(4) 

C(5) 

C(6) 

C(7) 

C(8) 

C(9) 

c(io; 
G(ll 

C(12 

C(13 

C(14 

C(15 

C(16; 

C(17 

C(18 

C(19 

C(20 

C(21 

3656(1 )           5023(1) 735(1) 40(1) 

546(1 )           9484(2) 154(1) 36(1) 

591(1 )           7957(2) -166(1) 61(1) 

1609(1 )           7005(2) 116(1) 58(1) 

2638(1 )           7535(2) 730(1) 36(1) 

2586(i; )           9042(2) 1071(1) 54(1) 

1563(1 )           9991(2) 789(1) 54(1) 

3757(1] )           6537(2) 983(1) 36(1) 

4689(1; )          4105(2) 940(1) 39(1) 

4569(1; )           2474(2) 706(1) 47(1) 

5559(1] I           1492(2) 910(1) 53(1) 

6708(1; 2078(2) 1354(1) 54(1) 

6858(i: 3647(2) 1575(1) 48(1) 

5858(i; 4717(2) 1368(1) 38(1) 

5947(1] 6374(2) 1580(1) 37(1) 

4889(i: 235(2) 1418(1) 38(1) 

7130(1] 7211(2) 1917(1) 38(1) 

8029(1] 7073(2) 1477(1) 46(1) 

9101(1] 7933(2) 1763(1) 57(1) 

9286(1] 8937(2) 2479(1) 59(1) 

8397(1] 092(2) 2910(1) 53(1) 

7329(1] 8235(2) 2631(1) 44(1) 
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Table 7.   Bond lengths [A] and angles [deg] for 2b. 

N(l)-C(7) 

N(l)-C(8) 

C(l)-C(6) 

C(l)-C(2) 

C(l)-C(l)#l 

C(2)-C(3) 

C(3)-C(4) 

C(4)-C(5) 

C(4)-C(7) 

C(5)-C(6) 

C(7)-C(15) 

C(8)-C(9) 

C(8)-C(13) 

C(9)-C(10) 

C(10)-C(ll) 

C(ll)-C(12) 

C(12)-C(13) 

C(13)-C(14) 

C(14)-C(15) 

C(14)-C(16) 

C(16)-C(21) 

C(16)-C(17) 

C(17)-C(18) 

C(18)-C(19) 

C(19)-C(20) 

C(20)-C(21) 

C(7)-N(l)-C(8) 

C(6)-C(l)-C(2) 

C(6)-C(l)-C(l)#l 

1.324(2) 

1.372(2) 

1.379(2) 

1.384(2) 

1.488(2) 

1.381(2) 

1.379(2) 

1.381(2) 

1.490(2) 

1.384(2) 

1.416(2) 

1.413(2) 

1.420(2) 

1.366(2) 

1.399(2) 

1.360(2) 

1.419(2) 

1.426(2) 

1.371(2) 

1.487(2) 

1.390(2) 

1.397(2) 

1.387(2) 

1.381(2) 

1.379(2) 

1.381(2) 

117.82(11) 

116.38(12) 

121.7(2) 

17 



C(2)-C(l)-C(l)#l 121.93(14) 

C(3)-C(2)-C(l) 121.87(13) 

C(4)-C(3)-C(2) 121.56(14) 

C(3)-C(4)-C(5) 116.78(12) 

C(3)-C(4)-C(7) 120.89(12) 

C(5)-C(4)-C(7) 122.30(11) 

C(4)-C(5)-C(6) 21.52(13) 

C(l)-C(6)-C(5) 121.83(13) 

N(l)-C(7)-C(15) 122.29(11) 

N(l)-C(7)-C(4) 117.34(11) 

C(15)-C(7)-C(4) 120.21(12) 

N(l)-C(8)-C(9) 117.66(12) 

N(l)-C(8)-C(13) 123.30(12) 

C(9)-C(8)-C(13) 119.04(12) 

C(10)-C(9)-C(8) 120.40(14) 

C(9)-C(10)-C(ll) 120.82(14) 

C(12)-C(ll)-C(10) 120.22(14) 

C(ll)-C(12)-C(13) 121.00(14) 

C(12)-C(13)-C(8) 118.49(13) 

C(12)-C(13)-C(14) 124.07(12) 

C(8)-C(13)-C(14) 117.43(11) 

C(15)-C(14)-C(13) 117.77(12) 

C(15)-C(14)-C(16) 119.30(12) 

C(13)-C(14)-C(16) 122.83(11) 

C(14)-C(15)-C(7) 121.12(12) 

C(21)-C(16)-C(17) 118.69(13) 

C(21)-C(16)-C(14) 120.79(12) 

C(17)-C(16)-C(14) 120.34(12) 

C(18)-C(17)-C(16) 120.05(14) 

C(19)-C(18)-C(17) 120.4(2) 

C(20)-C(19)-C(18) 119.8(2) 

18 



C(19)-C(20)-C(21) 120.1(2) 

C(20)-C(21)-C(16) 120.88(14) 

Symmetry transformations used to generate equivalent atoms: 

#1 -x,-y+2,-z 
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Table 8.   Anisotropie displacement parameters (AA2 x 10A3) for 2b. 

The anisotropic displacement factor exponent takes the form: 

-2 piA2 [ hA2 a*A2 Ul 1 + ... + 2 h k a* b* U12 ] 

Uli U22 U33 U23 U13 U12 

N(l) 38(1) 39(1) 43(1) 2(1) 12(1) KD 
C(l) 29(1) 43(1) 38(1) -4(1) r(D 1(1) 

C(2) 38(1) 62(1) 69(1) -31(1) -9(1) 11(1) 

C(3) 42(1) 52(1) 72(1) -26(1) -1(1) 9(1) 

C(4) 31(1) 40(1) 39(1) 1(1) 11(1) 2(1) 

C(5) 36(1) 49(1) 64(1) -14(1) -6(1) 4(1) 

C(6) 38(1) 42(1) 72(1) -18(1) -3(1) 5(1) 

C(7) 33(1) 39(1) 38(1) 3(1) 12(1) 2(1) 

C(8) 42(1) 38(1) 39(1) 6(1) 13(1) 4(1) 

C(9) 52(1) 41(1) 47(1) 2(1) 12(1) KD 
C(10) 68(1) 36(1) 57(1) 7(1) 18(1) 7(1) 

C(ll) 56(1) 41(1) 62(1) 14(1) 14(1) 16(1) 

C(12) 43(1) 46(1) 54(1) 12(1) 11(1) r(D 
C(13) 40(1) 38(1) 38(1) 9(1) 12(1) 5(1) 

C(14) 35(1) 40(1) 36(1) 7(1) r(i) 4(1) 

C(15) 35(1) 38(1) 42(1) 2(1) 10(1) 3(1) 

C(16) 32(1) 38(1) 43(1) 9(1) 7(1) 6(1) 

C(17) 41(1) 48(1) 52(1) 6(1) 15(1) 5(1) 

C(18) 38(1) 58(1) 77(1) 14(1) 20(1) 4(1) 

C(19) 38(1) 51(1) 79(1) r(i) 0(1) -1(1) 

C(20) 47(1) 48(1) 55(1) 2(1) -4(1) 5(1) 

C(21) 39(1) 45(1) 44(1) 5(1) 7(1) 8(1) 
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Table 9.   Hydrogen coordinates ( x 10M) and isotropic 

displacement parameters (AA2 x 10A3) for 2b. 

U(eq) 

H(2A) -99(1) 7551(2) -593(1) 73 

H(3A) 1600(1) 5960(2) -118(1) 70 

H(5A) 3268(1) 9435(2) 1509(1) 64 

H(6A) 1561(1) 11021(2) 1039(1) 65 

H(9A) 3794(1) 2057(2) 406(1) 56 

H(10A) 5467(1) 398(2) 748(1) 64 

H(11A) 7386(1) 1376(2) 1502(1) 64 

H(12A) 7644(1) 4034(2) 1872(1) 58 

H(15A) 4916(1) 8318(2) 1600(1) 46 

H(17A) 7906(1) 6389(2) 983(1) 56 

H(18A) 9712(1) 7832(2) 1465(1) 69 

H(19A) 10023(1) 9519(2) 2673(1) 71 

H(20A) 8519(1) 9790(2) 3398(1) 64 

H(21A) 6722(1) 8347(2) 2933(1) 53 
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